This study evaluates the influence of small additions of highly-purified attapulgite clays (0.2% and 0.5% addition by mass of cement) on the adhesive properties of cement pastes. Adhesive properties are measured by the tack test, a novel method of evaluating the rheological properties of granular materials. To better understand the results of the tack test as they pertain to cementitious materials, a highly concentrated material that is evolving due to thixotropic rebuilding and hydration, they are supplemented with a measure of the viscoelastic properties over time obtained through low-amplitude oscillatory shear rheometry. The influence of different preshear conditions and resting times (age of paste) on the adhesive properties are determined. Results show the tack test to be a suitable method for obtaining useful information about the adhesive properties and structural evolution of the material in the fresh state.
Introduction
The fresh-state properties of cementitious materials impact construction productivity and the eventual properties of the material in service. With the addition of chemical and mineral admixtures, it is possible to manipulate the fresh state to improve concrete processing. This has led to such innovations as self-consolidating concrete (SCC) -a highly flowable concrete with superior segregation resistance. These properties effectively eliminate the need to apply external vibration during casting, which increases construction efficiency. However, the high flowability and faster casting rates achieved with SCC compared to normal vibrated concrete results in potentially higher lateral pressure exerted on formwork. Due to this effect, and the lack of a full understanding of the pressure transmitted to formwork from SCC, formwork is typically designed to withstand the full hydrostatic pressure that the SCC could exert. As formwork is one of the largest components of the cost of concrete construction, it is desirable to safely reduce the formwork design criteria through suitable materials selection and proper construction techniques.
The pressure exerted by SCC on formwork is closely tied to its fresh-state rheological properties. Recent work has shown the potential of further manipulating the rheological properties of SCC with clays. Small additions of clays (<1% by mass of binder) have been found to significantly increase the green strength (fresh-state stiffness) and shape stability of SCC with little compromise to the initial flowability [1] . The most pronounced effect was achieved with nanoclays (clays dispersed into their individual constituents). These properties were demonstrated to be effective in reducing SCC formwork pressure. In a study that evaluated the influence of different mineral admixtures on the formwork pressure response of SCC, an SCC mix with 0.33% nanoclay was found to experience reduced lateral pressure while still exhibiting comparable initial slump flow as the control [2] .
The physical origin of this effect of clays is not fully understood. Flocculation studies have shown that clays increase floc size and flocculation strength [3, 4] , which can increase the viscosity and level of thixotropy of concrete. Reduction in SCC formwork pressure has been tied to increases in thixotropy [5] [6] [7] . In a series of studies determining the influence of various admixtures on SCC formwork pressure, thixotropy-enhancing admixtures were found to decrease initial pressure and increase rate of pressure drop over time [8] [9] [10] . Although thixotropy is undoubtedly tied to the clay effect, the cohesiveness within the material is expected to have a significant effect on stress transfer and subsequently on the formwork pressure. This issue can be investigated by considering the adhesive properties of the material. A standard method of evaluating the adhesive properties of a material is the probe tack test, which is widely used to complement rheological characterization of soft polymer adhesives [11] [12] [13] . The test can provide a measure of cohesion (the internal strength of the material at rest) and adherence (the tendency of the material to stick to a surface). High cohesion has been found to increase the rate of lateral pressure drop of SCC over time [14] . And high adherence can help to transfer lateral stress to vertical stress, making it possible for SCC formwork pressure to be less than hydrostatic [15] . Therefore, the influence of clays on the adhesive properties of cementitious materials is of interest.
Thus far, only a few select studies have implemented the tack test on granular-type materials [16, 17] . Due to the limited number of studies that have been done to evaluate the adhesive properties of cementitious materials, the information that can be obtained from the results of the tack test is not fully resolved. In addition, due to the nature of the material: a highly concentrated suspension that is evolving due to thixotropic rebuilding and hydration, there is a need to interpret the results while taking the aging of the material into careful consideration. This current study aims to evaluate the influence of nanoclays on the adhesive properties of cement pastes through the tack test. In addition, to better understand the results as they pertain to cementitious materials in general, they are supplemented with a measure of the viscoelastic properties over time through lowamplitude oscillatory shear rheometry. It is found that the tack test is a suitable method for obtaining useful information about the adhesive properties and structural evolution of the material in the fresh state.
Materials and experimental procedures

Materials
Tap water and type I Portland cement with a Blaine fineness of 385 m 2 /kg are used in all mixes. A highly-purified attapulgite clay, refined from bulk attapulgite, is the clay selected for this study [18] . They are 1.75 lm in average length and 3 nm in average diameter, thereby considered to be nano-sized. They have been chemically exfoliated to preserve their uniform shape and size while removing all impurities (such as quartz and swelling clays). The aspect ratio (average length divided by average diameter = 583) of the clay particles is very high. Therefore, they may form a highly entangled gel even at a small volume concentration, provided they are properly dispersed into individual particles.
All paste mixes have a water-to-cement (w/c) ratio of 0.43 by mass and are prepared by hand-stirring for 60 s. For mixes with a nanoclay addition, they are introduced as an aqueous suspension, where the nanoclay is blended with the mixing water in a household blender for 5 min to facilitate dispersion. All tests start immediately after mixing.
Experimental methods
All rheological tests are performed on a Paar Physica MCR rheometer with a parallel-plate geometry. The top plate has a diameter of 50 mm and the bottom plate is temperature-controlled with a circulating water bath set to 20°C. To prevent slip, the surfaces of the plates are covered with 150-grit adhesive sandpaper. The rate of data acquisition is 10 Hz for higher plate velocities and 5 Hz for lower plate velocities. Further details of the experimental method can be found elsewhere [19] .
Tack test
The tack test is performed on cement pastes with 0%, 0.2% and 0.5% nanoclay addition by mass of cement (0 NC, 0.2 NC and 0.5 NC). The fresh cement paste sample is placed on the bottom plate, then the top plate is lowered to an initial measuring gap of 1 mm. Once the top plate is in position, the sample is trimmed to match the diameter of the plate. During the test, the top plate moves up vertically at a constant velocity, subjecting the sample to stretching, and the normal force experienced by the top plate is recorded over time. The normal force evolution is recorded for the following plate velocities: 10, 50, 200, 500, and 1000 lm/s. The test is run until the sample reaches complete separation between the two plates. A shear rate of 50 s À1 (measured at the circumference of the sample) is applied for 60 s before the start of the tack test to ensure all samples start at the same state after mixing.
Cementitious materials are both time and shear history dependent. Therefore, the influence of a higher preshear condition and various resting times on the adhesive response of pastes is evaluated. The tack test is performed at 10 lm/s for cement paste mixes with a 0% and 0.5% nanoclay addition subjected 300 s À1 for 60 s. Following this preshear, the tack test is performed after the following resting periods: 0, 150, and 300 s.
A new sample is prepared for each test. Three measurements are taken for each mix for each testing protocol and the average is taken to be the representative measurement.
Low-amplitude oscillatory shear rheometry
To better interpret the results of the tack test, they are supplemented with a measure of the evolution of the paste's structure. This is done through low-amplitude oscillatory shear rheometry. This method provides information about the viscoelastic properties of suspensions and it has been demonstrated to be applicable to fresh cement paste [20, 21] . The theory is briefly explained here.
An oscillatory strain is applied as a sine function:
where c 0 is maximum strain amplitude, t is time, and x is frequency. If the strain is sufficiently low so that the particles in the suspension remain close to each other, the microstructure is not disturbed and the material can recover elastically. In this case (linear regime), the measured response in terms of stress is as follows:
where s is shear stress, G 0 is storage modulus, and G 00 is loss modulus. G 0 is the elastic (or in-phase) component while G 00 is the viscous (or out-of-phase) component. By monitoring the time evolution of G 0 , it is possible to measure the structural building of cement pastes over time. The method has been applied to determine the effect of admixtures, such as nanosilica and cellulose ethers, and w/c ratio on the storage modulus of cement pastes and has been tied to flocculation and hydration mechanisms [22] [23] [24] .
The first step in performing oscillatory shear rheometry is to find the linear viscoelastic region (LVR), where G 0 (and also G 00 ) is independent of applied frequency and strain. To find the LVR, a strain sweep is performed on cement pastes with 0% and 0.5% nanoclay addition. Strain amplitudes ranging from 10 À4 to 1 are applied at a fixed frequency of 1 Hz. The amplitude sweep results are reported in Fig. 1a . The strain sweep curves exhibit two main branches -a plateau region corresponding to the LVR regime and a decreasing branch indicating that the sample is experiencing a shear-induced breakage. The LVR regime of the plain cement paste ends at a critical strain of about 6 Â 10
À4
, which corresponds to the same order of magnitude as that reported by previous authors [21] . The critical strain for the clay-modified cement paste is significantly higher than that of a plain cement paste. This is in agreement with previously reported results indicating that the addition of clays increases flocculation within the paste [3, 4] . A similar effect on critical strain was shown with cellulose ethers, which the researchers attributed to adsorption of the polymer on cement particles and subsequent strengthening of the gel structure [23] .
A frequency sweep experiment is performed in which frequencies from 0.01 Hz to 10 Hz are applied at a fixed strain of 10
À3
. The frequency sweep results are shown in Fig. 1b . For both samples there is no significant decrease of G 0 at low frequencies, indicating that they comprise of a highly gelled structure. Moreover G 0 remains higher than G 00 throughout the frequency range considered. Based on these results, an applied strain of 10 À4 and frequency of 1 Hz are selected for the oscillatory shear measurements in order to remain in the linear regime. Oscillatory shear measurements are performed on cement pastes with 0% and 0.5% nanoclay addition. The evolution of storage modulus is monitored for 900 s (approximately the duration of the tack test at the smallest pulling velocity considered, 10 lm/s). The oscillatory tests are performed for the same preshear conditions as for the tack tests: 50 s À1 for 60 s and 300 s À1 for 60 s.
Results and discussion
Normal force evolution at various plate velocities
The influence of nanoclay on the adhesive properties of cement pastes is evaluated by the tack test, where the normal force evolution is recorded for various plate velocities. At the very beginning of the test, the sample deforms elastically and the normal force increases with the gap thickness (or time). Beyond a critical tensile strain the normal force decreases, indicating that the sample starts undergoing a failure process, including inward flow towards the center of the plate. The first value of interest is the peak force, corresponding to the critical strain. The value of the peak force may comprise of at least two contributions: resistance to flow (viscous effects) and resistance to elastic failure due to the intrinsic cohesion of the material. The physical origin of cohesion may include intermolecular forces and capillary effects [16] (bubbles are always present in the sample). The cohesion strength may be related to the yield stress but under stretching conditions. The strength of the material cohesion may be considered to correspond to the value of the peak force for a vanishingly small pulling velocity. In the present investigation the cohesion component is assumed to be the value of the peak force for the smallest velocity considered, 10 lm/s. The results concerning this first part of the normal force behavior are similar to those reported in the literature concerning other types of cementitious materials [17] . However, as it can be seen below, the behavior of the force beyond the peak value is qualitatively different from the previously reported tack test results.
The normal force evolution of cement pastes with 0%, 0.2% and 0.5% nanoclay addition are compared and the results are shown in Figs. 2-4 , respectively. It is apparent that even at small additions, the nanoclay significantly increases the normal force experienced by the cement pastes at all plate velocities. This indicates that the clay increases cohesion and viscous dissipation. To better illustrate this effect, the peak force versus plate velocity is plotted for all mixes. The results are shown in Fig. 5 . For each paste the peak force increases globally with plate velocity. This is expected and can be explained by the increase in the viscous dissipation with increasing velocity. Yet, the tack flow curves seem to reach a plateau beyond 200 lm/s. Then, the rheological behavior under extension is similar to that under shear and can be interpreted in a [19] . Fig. 2 . Normal force evolution curves for plain cement paste [19] . similar manner. Further, the clay-modified pastes experience higher velocity dependence compared to the plain cement paste. This is due to the increase in viscosity caused by the clays, the origin of which can be tied to flocculation. According to the KriegerDougherty equation [25] , which describes the flow behavior of highly-concentrated suspensions, a system with a lower maximum packing density (more flocculated) will exhibit higher viscosity [3] .
An interesting feature in the normal force evolution for all paste mixes is the occurrence of a second peak (strain hardening). It is the most marked at the lowest plate velocity, 10 lm/s, but also evident at 50 and 200 lm/s. It suggests that the material is exhibiting residual resistance to the plates separating after the break in flow indicated by the initial peak. Similar strain hardening has been observed in polymer adhesives tested under spherical and flat punches [13, 11] , where higher initial maximum contact radiusto-height ratios made this effect more pronounced. This strain hardening was attributed to fibrillation and is akin to polymer materials. On the other hand, this effect was not observed in a study where the tack test was performed on muds, even though the initial maximum contact radius-to-height ratio was higher than the one used in the present study [16] . Even in the case of the previously reported results on cement-based materials, strain hardening was not observed [26, 17] . This may be attributed to the difference in experimental protocol. In those studies the tack tests were performed at certain waiting times and this has critical effects, as it will be seen later. Given the time-dependent nature of cementitious materials, this secondary peak can be accounted for by the evolution of its structure due to flocculation and hydration mechanisms. In order to elucidate this, low-amplitude oscillatory shear rheometry is implemented and will be discussed in the next section.
Influence of preshear condition
The occurrence of the secondary peak in the normal force evolution in all mixes may be attributed to the eventual evolution of the material during the course of stretching. The fact that the secondary peak becomes more pronounced when decreasing tack velocity may reflect the fact that one has a competition between two kinetics phenomena: (1) failure of sample whose kinetics is controlled by the applied velocity and its rheology and (2) time evolution of the material due to reflocculation and hydration. To determine the kinetics of the second phenomena, time evolution of the storage modulus is monitored for different preshear conditions. Since the second peak is most pronounced for 10 lm/s, the duration of the oscillatory test is selected to match that of the tack test at this plate velocity. In addition, the influence of preshear is determined for both tack and oscillatory measurements. (Note: The duration of mixing and preshear is the same between both tests so the ages of the samples correspond.)
The results of the tack test at 10 lm/s for cement pastes subjected to a low (50 s À1 ) and high (300 s À1 ) preshear are shown in Figs. 6 and 7 for 0% and 0.5% nanoclay addition, respectively. First, the influence of preshear in each system will be discussed. For the plain cement paste, the initial peak is slightly lower for the sample subjected to 300 s À1 than 50 s
À1
. This can be explained by the higher degree of structural breakdown that results from a higher preshear. At the time the initial peak occurs, it is less cohesive than the paste that is subjected to the lower preshear. In the cement paste with clay, the response is markedly different. Although at the very beginning (up to 0.3 s), the paste subjected to 300 s À1 exhibits lower normal force, it quickly recovers and goes onto ex- Fig. 3 . Normal force evolution curves for cement paste with 0.2% nanoclay addition [19] . Fig. 4 . Normal force evolution curves for cement paste with 0.5% nanoclay addition [19] . Fig. 5 . Peak force vs plate velocity for cement pastes with 0%, 0.2% and 0.5% nanoclay addition [19] .
hibit a higher initial peak than the paste subjected to 50 s
. This may be attributed to the increase in flocculation kinetics due to the presence of the clay, which results in rapid recovery of the structure. It follows that not only do clays increase the cohesion and viscosity of cement paste (as indicated by the higher normal force experienced over the duration of the test), they accelerate the material's immediate rate of recovery, as well.
For both pastes, there is a second peak that occurs around 100 s. This is likely due to structural thixotropic rebuilding and hydration. The structural evolution of the material at rest experienced after each preshear condition is determined by following the time evolution of G 0 which is plotted for the plain and clay-modified cement pastes in Figs. 8 and 9 , respectively. It is apparent that both pastes experience significant structural recovery starting at approximately 10 s. The kinetics of the G 0 evolution can be split into three parts. During the first minute the evolution takes place at a relatively low rate. At around 100 s, we observe a net acceleration of structural evolution. Beyond 10 min, the rate of material evolution starts to decrease, eventually reaching a plateau that can be clearly seen in the case of the clay-modified paste subjected to high preshear. By comparing the tack (Figs. 6 and 7 ) and oscillatory results (Figs. 8 and 9) , it can be seen that the beginning of strain hardening is clearly correlated with the acceleration of the structural evolution of the material. This is likely tied to both physical reflocculation and hydration mechanisms. Studies have shown that as soon as cement and water make contact, a gel of various hydrates forms within the pore solution and on the cement particle [27] [28] [29] . The alumina phases are the first to react leading to the formation of ettringite (AFt) (by reaction with gypsum). These needle-like particles may easily give rise to a gel-like structure, leading to an increase of G 0 . Other phases may also form at the very beginning of the hydration process (e.g. AFm, portlandite, and early CSH) and may contribute to G 0 . The origin of the structural evolution of the pastes may also include the change in ionic concentration or pH of the pore solution, which occurs very rapidly within the first 20 min. This will lead to a change in the colloidal interactions, subsequently leading to flocculation under certain conditions. For example clay particles are known to flocculate at high ionic strength [30] .
In both cases, the storage modulus is higher for the paste subjected to a 300 s À1 preshear -in the plain cement paste it is higher throughout and for the clay-modified paste it is higher from 10 to 100 s. This agrees well with the tack results, where the second peak is higher for the 300 s À1 preshear than for 50 s À1 in both systems with and without clay. This indicates that both pastes experience Fig. 6 . Influence of preshear on normal force evolution at 10 lm/s for plain cement paste [19] . Fig. 7 . Influence of preshear on normal force evolution at 10 lm/s for cement paste with 0.5% nanoclay addition [19] . Fig. 8 . Evolution of storage modulus of plain cement paste subjected to different preshear conditions [19] . Fig. 9 . Evolution of storage modulus of cement paste with 0.5% nanoclay addition subjected to different preshear conditions [19] .
shear thickening. This may be attributed to fact that rebuilding kinetics due to Brownian motion is higher for smaller aggregates, which are obtained at high preshear.
After the second peak, the normal force goes to zero while the storage modulus continues to increase. This is because by the time the second peak is reached, the plates have separated to a point where the area of contact between the sample and the plate surfaces has substantially decreased or the sample has experienced fibrillation. Therefore, the tack test can no longer capture the structural recovery experienced by the paste.
In comparing the post-peak behavior of the pastes, they suggest that the mechanism behind the failure is different in each case. The plain cement paste experiences a more ductile failure while the paste with clay fails more abruptly, with a steeper downward slope. This suggests that the plain cement paste fails in a more liquid-like manner while the clay-modified paste fails in a more solid-like manner. This is captured in the images of the tested samples, shown in Figs. 10 and 11 . Upon visual observation, it is apparent that the plain cement paste undergoes a gradual inward flow while the paste with clay is stiffer and undergoes failure within the sample under extension.
Influence of rest time
To determine the influence of resting time on the pastes, the tack test is performed after the sample is allowed to rest for 150 and 300 s after a 300 s À1 preshear is applied. Through the rest time parameter, it is possible to determine the influence of the age of the sample on its tack properties. The results are shown in Figs. 12 and 13. Both pastes exhibit the same trends. As expected, the normal force increases with resting time. This is due to the structural recovery (and hydration) of the pastes over time, as verified by the evolution of storage modulus presented in the previous section. Also, the second peak is significantly lower than in the previous results, where the tack tests was performed while the sample was evolving rapidly. For the clay-modified paste with a 300 s rest time, it is no longer a peak but a slight hump. This is due to the decrease in the rate of rebuilding at the later ages of the pastes, as it can be seen in the G 0 results. According to the results of oscillatory shear rheometry, G 0 exhibits a more substantial increase from 10 to 100 s (about 150 kPa for 0 NC, 80 kPa for 0.5 NC) than 150 to 250 s (about 50 kPa for 0 NC, 30 kPa for 0.5 NC). The rate of increase in G 0 goes down further after 300 s, tending to a plateau. These results confirm the fact that the secondary peak that appears in the tack force curves is due to the structural evolution of the material. In addition, all tests are performed with a top plate diameter and sample diameter of 50 mm. Size effect is expected [11, 13] , and determining the relationship between sample size Fig. 10 . Plain cement paste during tack test at 10 lm/s [19] . Fig. 11 . Cement paste with 0.5% nanoclay addition during tack test at 10 lm/s [19] . Fig. 12 . Influence of resting time on plain cement paste subjected to a 300 s À1 preshear condition [19] . Fig. 13 . Influence of resting time on cement paste with 0.5% nanoclay addition subjected to a 300 s À1 preshear condition [19] .
and adhesive properties as measured by the tack test is a potential direction of future work.
Conclusions
This study examined the influence of nanoclay on the adhesive properties of cement pastes through the tack test. To better interpret the results, the normal force evolution curves are supplemented with measures of structural rebuilding of the pastes over time by performing oscillatory rheometry experiments. The key results are as follows:
À At additions of 0.2% and 0.5%, the clay increases the peak normal force experienced by cement pastes at all plate velocities, indicating increase in cohesion and viscosity. The clay also increases the plate velocity dependence, where higher velocity leads to higher peak force. À Cement pastes with and without clay exhibit a secondary peak in the normal force evolution curves at lower plate velocities. Oscillatory shear rheometry results show that this is due to the high rate of rebuilding of the structure around this age ($10 s from the start of the test). The origin of the rebuilding can be tied to flocculation and hydration mechanisms. À Cement pastes with and without clay exhibit a higher secondary peak and increased G 0 after being subjected to the higher preshear. Further, the clay-modified paste exhibits a higher initial peak, as well, indicating that the clay increases the immediate rate of rebuilding. This can be tied to increase in flocculation caused by the clay. À After a certain resting time, the initial peak increases while the second peak becomes less pronounced. The former can be attributed to the higher degree of recovery and cohesion that the paste achieves after rest. The latter can be attributed to the decrease in rate of structural rebuilding at later ages, as was shown in the evolution of storage modulus.
